Goldfish virus-2 replication was enhanced in vitro by pretreatment of CAR cells with subcytotoxic concentrations of carbaryl and toxaphene. This phenomenon was time and temperature dependent. Shortening of pretreatment with carbaryl eliminated enhancement, which was observed for toxaphene only with substantially increased concentrations. Decreasing the temperature of pretreatment (4°C) abrogated any enhancement by carbaryl and resulted in enhancement by toxaphene only at increased concentrations. Increased absorption of input virus was ruled out as a mechanism for enhancement, as was stimulation of cell division in the presence of pesticides over that of control cultures. Pretreatment of virus rather than cells did not result in enhancement.
Several studies have documented enhanced virus replication in vitro in the presence of pesticides or their emulsifiers. Enhanced replication has been demonstrated for varicella-zoster virus (1); poliovirus-1 and vesicular stomatitis virus (21) ; encephalomyocardititis (6, 7, 20, 21) ; and Sindbis and vaccinia viruses (8) . A variety of cultured mammalian cells have been stimulated to replicate viruses at enhanced levels as a result of treatment with pesticides and emulsifiers, leading to the suggestion that this is a general property of mammalian cells (21) .
I have previously reported the uptake and intracellular localization of the pesticides carbaryl and toxaphene in cell cultures derived from goldfish and have determined toxicity levels for both acute and chronic exposure (23, 25) . Carbaryl, a carbamate insecticide, is currently widely used and has been found at significant levels in aquatic systems as a result of both aerial spraying and surface runoff (3, 19) . Toxaphene was, until recently, the most widely used chlorinated hydrocarbon insecticide in the United States (4) and has been shown to persist in the environment for as long as 10 years (10). Since fish readily concentrate pesticides from the surrounding water (22) , I have investigated the effects of pesticides on the replication of a piscine virus in cells derived from fish.
This report presents evidence that the replication of goldfish virus-2 (GFV-2), and Iridovirus (E. S. Berry and T. B. Shea, J. Fish Dis., in press), is enhanced in vitro by preexposure of cultured goldfish cells to subcytopathic concentrations of carbaryl and toxaphene.
MATERIALS AND METHODS
Cells and virus. Cultivation of the goldfish-derived cell line (CAR; ATCC CCL-71) and infection with GFV-2 has been previously described. GFV-2, an Iridovirus, was originally isolated from primary air bladder cultures of healthy goldfish in the laboratory. Viral growth studies have shown that replication of GFV-2 is completed by 5 (Fig. 1 ). Enhancement indices of 2.6 and 2.9 were observed with toxaphene at 0.25 and 0.5 ppm, respectively. Preexposure to toxaphene at 1 ppm did not enhance replication, and concentrations above this level were inhibitory to virus replication. Carbaryl at 1 ppm enhanced GFV-2 replication by nearly four times, as compared with controls. GFV-2 replication with preexposure to the pesticides at 0.5 and 5 ppm was not significantly different from that of controls, and replication after preexposure to 10 ppm was inhibited. The pooled pesticide titrations from four separate experiments were significantly greater than pooled control titrations, with P < 0.0005 for carbaryl and P < 0.005 for toxaphene (Student's t test).
To further study these enhancement phenomena, I pretreated cells with pesticide, varying both the temperature of incubation and the length of exposure. Pretreatment of cultures at 4°C (at the times indicated in Fig. 1 ) abrogated any enhancement of GFV-2 replication by carbaryl (Fig. 2) . Pretreatment of cells with toxaphene at 1 and 5 ppm enhanced virus replication at 4°C. Toxaphene concentrations of 0.25 and 0.5 ppm resulted in no enhancement of replication at 4°C, whereas a concentration of 10 ppm was inhibitory to GFV-2 replication (Fig. 2) .
Decreasing the time of exposure at 25°C to 24 h with carbaryl eliminated replication enhancement (Fig. 3) . Toxaphene enhanced virus replication with as little as 6 h of pretreatment, but enhancing concentrations varied according to exposure time: pretreatment of cultures for 18 h resulted in enhanced replication at 0.25, 0.5, and 1 ppm, whereas pretreatment for 6 h resulted in Pretreatment of virus, rather than cells, did not result in enhanced replication at any concentrations of either pesticide (Fig. 4) .
To investigate the possibility that pretreatment with pesticide induces increased adsorption of virus, I assayed the unadsorbed virus after the 2-h adsorption period. All samples contained the same amount of unadsorbed infectious virus (Table 1) , with the exception of toxaphene at 10 ppm. At this level of toxaphene, over twice as many unadsorbed infectious particles were observed as compared with those seen at all other concentrations.
To examine the possibility that 24 h of pretreatment with toxaphene or 48 h of pretreatment with carbaryl stimulated cell division, which could account for enhanced viral replication, I pretreated and mock infected cultures. Cell numbers in these cultures were found to be equivalent to those in controls at all pesticide concentrations both immediately after mock infection and after 5 days of incubation (Table 2) .
DISCUSSION
My results show that the replication of GFV-2 is enhanced by preexposure of CAR cells to subcytotoxic concentrations of carbaryl and toxaphene (Fig. 1) . This phenomenon was shown to be temperature dependent; exposure of cells to carbaryl at 4°C did not result in enhancement, and enhanced replication was observed for toxaphene only at greatly increased concentrations of this pesticide (Fig. 2) Decreasing the time of preexposure of cells also affected the enhancement of virus replication. Cells exposed to carbaryl for only 24 h did not support enhanced GFV-2 replication (Fig.  3) . This observation could be explained by the fact that hydrolysis of carbaryl to 1-naphthol is not complete until 24 h of incubation at 25°C in the medium used and that hydrolysis to 1-naphthol is a prerequisite for uptake by CAR cells; by 48 h, 100% of 1-naphthol is located in the nuclear fraction of CAR cells (25) . Removal of the pesticide-containing medium before 48 h of incubation would prevent the majority of the compound from being taken up by the cells.
Decreasing the time of preexposure to toxaphene to as little as 6 h altered the concentrations required for enhancement, but enhancement was consistently observed (Fig. 3) . I have previously shown that 100% toxaphene introduced into my culture is cell associated by as little as 2 h (23) and is located in the cytosol (with none recovered in acid-soluble cellular fractions) by 24 h of incubation. The nature of the association at 2 h was not determined; it was assumed that toxaphene first adsorbed to the cell surface and was subsequently internalized a Cultures were incubated with medium containing pesticide as described in the legend to Fig. 1 and infected with GFV-2. After allowing 2 h for virus adsorption, the medium was sampled for unadsorbed virus. Numbers represent the means for two treated samples and four control samples, assayed independently. TCID50, 50% tissue culture infective dose; ND, not determined. concentration similar to that seen with 24 h of preexposure to 0.25 ppm.
Variation in viral biosynthesis by cell cultures preexposed to pesticides in response to changes in time and temperature suggests an active metabolic alteration of pesticide-treated cells. Meta- bolic interactions have been observed in vivo between fish and both carbaryl and toxaphene. Carbaryl has been shown to alter the levels of carbonic anhydrase, hepatic catalase (27) , and acetyl cholinesterase (13, 16) in fish and to induce circulatory abnormalities in fish embryos (26) . Toxaphene has been implicated in abnormal skeletal development of fish (17) . Incorporation of carbaryl and toxaphene in the diet of mice altered the rate of lung tumors induced by subsequent exposure to benzo[a]pyrene (BP). This synergistic phenomenon was directly attributable to altered levels of BP-hydroxylase activity associated with enhancement of BPinduced lung tumors; conversely, toxaphene and BP decreased BP-hydroxylase activity, paralleled by a reduction in BP-induced lung tumors (28) .
Since the number of infectious particles present in a virus sample was not increased by preexposure to carbaryl or toxaphene (Fig. 4) , it is unlikely that the mechanism of enhancement involves the interaction of pesticide and virion.
Increased efficiency of virus adsorption as a mechanism for enhancement was discounted by the observation of equivalent amounts of unadsorbed infectious virus at the end of the 2-hour adsorption period in both pesticide-treated and untreated cultures ( Table 1 ). The single exception to this observation was a doubling of the unadsorbed virus for cultures pretreated with toxaphene at 10 ppm. Toxaphene at 10 ppm is mildly toxic to CAR cells (23) , causing mild cytoplasmic granulation, though not altering 1) are probably related to cellular toxicity. A previous study (24) has shown that chronic exposure of CAR cells to toxaphene at levels in which mild toxicity is apparent significantly inhibits both the adsorption and replication of GFV-2.
The possibility that low doses of carbaryl and toxaphene stimulated cell replication, which could account for increased virus replication, was excluded by the observation of equivalent numbers of cells in mock-infected cultures with and without pretreatment with pesticides (Table  2) .
Recent reports have documented the enhancement of virus replication by pesticides or their emulsifiers both in vitro (1, 6, 7, 21) and in vivo (7) . In a study in which several viruses were used, single-stranded RNA viruses (poliovirus, vesicular stomatitis virus, encephalomyocarditis virus) were enhanced, whereas double-stranded DNA viruses (varicella-zoster virus, herpes simplex virus type 1) and an RNA virus (reovirus) were not enhanced (21) . This observation led to the suggestion that only single-stranded RNA viruses were subject to this phenomenon. Subsequently, it was shown that the replication of varicella-zoster virus, a double-stranded DNA virus, was enhanced in vitro by carbaryl (1) . In contrast to the above double-stranded DNA and RNA viruses, varicella-zoster virus is strictly cell associated in cell culture, and GFV-2, a double-stranded DNA virus, is largely cell associated in cell culture and in vitro. Both are released in relatively small amounts from infected cells only after extensive cellular degeneration, and progeny remain intimately associated with cellular debris despite repeated cycles of freezing and thawing or sonication (Berry and Shea, in press). Whether pesticide enhancement is restricted to only double-stranded cell-associated viruses remains to be seen.
A variety of cultured mammalian cells, both primary and continuous, have been stimulated to replicate viruses at enhanced levels as a result of treatment with pesticides or emulsifiers. This phenomenon has led to the suggestion that it is a general property of mammalian cells (21) . My data support this hypothesis and, to my knowledge, this report represents the first demonstration of this phenomenon in piscine cell cultures.
Carbaryl has been shown to be toxic to five major fish families (14) . At low concentrations, it is a metabolic stressor of freshwater catfish, causing increased swimming activity and a higher frequency of opercular beats (2) . Runoff resulting from the application of 1 pound of carbaryl per acre (453.592 g per 0.4047 hectare) has been shown to depress brain acetyl cholinesterase activity in fish (13, 16) . Carbaryl has been found in runoff at concentrations as high as 247 ,ug/liter (3) and has been shown to rapidly hydrolyze to 1-naphthol, which is taken up by piscine cells, and to be more toxic to CAR cells than is its parent compound (25) .
Toxaphene is also toxic to five major fish families (15, 17) . Numerous studies have shown that relatively low environmental concentrations of toxaphene are toxic to fish (9, 11, 12, 14, 29) . Many aquatic systems can become contaminated with pesticides resulting from aerial spraying and runoff (19) . Since fish readily concentrate pesticide from the surrounding water (22) 
